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Chimeric pathwayThe ﬁrst committed steps of steroid/hopanoid pathways involve squalene synthase (SQS). Here, we
report the Escherichia coli production of diaponeurosporene and diapolycopene, yellow C30 caroten-
oid pigments, by expressing human SQS and Staphylococcus aureus dehydrosqualene (C30 caroten-
oid) desaturase (CrtN). We suggest that the carotenoid pigments are synthesized mainly via the
desaturation of squalene rather than the direct synthesis of dehydrosqualene through the non-
reductive condensation of prenyl diphosphate precursors, indicating the possible existence of a
‘‘squalene route’’ and a ‘‘lycopersene route’’ for C30 and C40 carotenoids, respectively. Additionally,
this ﬁnding yields a new method of colorimetric screening for the cellular activity of squalene syn-
thases, which are major targets for cholesterol-lowering drugs.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The reaction catalyzed by SQS and C30 carotenoid synthases areSteroids/hopanoids and carotenoids constitute two of the major
sub-groups of isoprenoids. Despite the large differences in the
structures of the end products, these two groups share a branch
point and chemistry in the ﬁrst committed step (Fig. 1). The ﬁrst
committed step in steroid/hopanoid pathways is the biosynthesis
of squalene from two farnesyl diphosphates (FPPs), which is cata-
lyzed by squalene synthase (SQS). The ﬁrst step in carotenoid path-
ways is the biosynthesis of either phytoene (C40) from two
geranylgeranyl diphosphates (GGPPs) or diapophytoene (C30, also
called dehydrosqualene) from two FPPs. The difference in the
end-product structures is the presence or absence of the double
bond in the center of the backbone (Fig. 1). Because they are placed
at the branching position, these enzyme activities determine which
pathway the precursors (FPP or GGPP) enter. Once formed, squa-
lene is exclusively used to generate steroids/hopanoids, whereas
dehydrosqualene/phytoene are used to generate carotenoid
pigments.similar with regard to their 2-step catalytic mechanisms. The ﬁrst
half-reaction catalyzed by SQS is identical to that of carotenoid
synthases (Fig. 1). The difference is in the second half-reaction:
SQS converts the intermediate presqualene diphosphate (PSPP)
to squalene using NADPH as a cofactor, whereas carotenoid
synthases convert the intermediate without NADPH to make
dehydrosqualene (C40 carotenoid synthases work in exactly the
same way except they use GGPPs as substrates). Here, in vitro
experiments showed that SQS could synthesize detectable
amounts of dehydrosqualene in the absence of NADPH [1–4]. Thus,
SQS could generate the carotenoid dehydrosqualene, and this could
be a theoretically possible route for carotenoid biosynthesis.
Another possible route for carotenoid production is the direct
conversion of squalene into carotenoids (Fig. 1). Based on various
indirect observations, such as detection of the C40 squalene coun-
terpart lycopersene in carotenogenic organisms [5], this route
was once believed to be the bona ﬁde biosynthetic route for carote-
noids. The existence of this route was later refuted by the discovery
of a series of specialized carotenoid synthases from various carote-
nogenic organisms and is now only discussed in historical state-
ments as the ‘‘lycopersene problem’’ [5].
In this study, we report the Escherichia coli production of
diaponeurosporene and diapolycopene, yellow C30 carotenoid
pigments, by expressing human SQS and Staphylococcus aureus
dehydrosqualene desaturase (CrtN, also called as diapophytoene
desaturase). Time-course analysis of product accumulation,
Fig. 1. Squalene and carotenoid biosynthetic pathway. SQS synthesizes squalene using NADPH, and CrtM synthesizes dehydrosqualene. The structural difference between
squalene and dehydrosqualene is the presence of absence of double bonds, as indicated in red circles. In the absence of NADPH, SQS could directly produce dehydrosqualene
via non-reductive rearrangement of presqualene diphosphate (PSPP), as indicated in a dashed blue arrow. Alternatively, in this study, we suggest that squalene can be
desaturated by CrtN to make dehydrosqualene (‘‘squalene route’’), emphasized by thick blue arrow. Either way, the resulting dehydrosqualene would be further desaturated
in 3- or 4-steps, yielding the C30 carotenoid pigments diaponeurosporene or diapolycopene, respectively. See Supplementary Fig. 1 for C40 equivalent pathways (‘‘lycopersene
route’’ and natural ‘‘phytoene route’’).
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another desaturase, Pantoea ananatis CrtI [6], indicates that CrtN
likely directly desaturates squalene to make dehydrosqualene
and subsequent C30 carotenoid pigments. This ﬁnding revives
the idea of the possible existence of a ‘‘squalene route’’ and
‘‘lycopersene route’’ for C30 and C40 carotenoid pigments, respec-
tively (Fig. 1 and Supplementary Fig. 1). Additionally, our ﬁnding
potentially provides new means of high-throughput colorimetric
screening of the cellular activity of squalene synthases, an
important target for cholesterol-lowering drugs.
2. Materials and methods
2.1. Bacterial strains and genetic manipulations
E. coli XL10-Gold KanR (Tetr D(mcrA)183 D(mcrCB-hsdSMR-mrr)
173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F0 proAB
lacIqZDM15 Tn10 (Tetr) Tn5 (Kanr) Amy]) (Stratagene, La Jolla, CA)
was used for DNA cloning, while XL1-Blue (recA1 endA1 gyrA96
thi-1 hsdR17 supE44 relA1 lac [F0 proAB lacIqZDM15 Tn10 (Tetr)])
(Stratagene) was used for the carotenoid or squalene production
analysis. Polymerase chain reaction (PCR) ampliﬁcations were per-
formed using vent polymerase (New England BioLabs, Ipswich,
MA). Restriction enzymes and DNA modifying enzymes were pur-
chased from New England BioLabs. DNA was puriﬁed using the
Zymo DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA).
Chemical competent cells were prepared using the Z-Competent™
E. coli Transformation Kit & Buffer Set (Zymo Research). Plasmid
DNA was prepared with the Plasmid Miniprep Kit from Sigma–
Aldrich. The nucleotide sequences were conﬁrmed with the
BigDye Terminator v3.1 Cycle Sequencing Kit and analyzed with
a 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA).2.2. Plasmids
pUC-hsqs was constructed by truncating 30 residues of the
N-terminus and 47 residues of the C-terminus of the human squa-
lene synthase gene (hsqs), using pHSS16 [7] as a template, and
inserting the sequence into the XbaI/XhoI site of pUC18m [8]. A
Plac-hsqs fragment was PCR-ampliﬁed from pUC-hsqs and cloned
into the BamHI site of pACmod to make pAC-hsqs. pAC-crtM was
constructed by inserting the E. coli codon-optimized crtM gene
from S. aureus (purchased from DNA 2.0 Inc., Menlo Park, CA) into
the XbaI/XhoI restriction site of pAC-hsqs. pUCara was constructed
by replacing the lac promoter region of pUC18m [8] with the
PC-araC and PBAD promoters derived from pBAD32 (Invitrogen,
Carlsbad, CA). pUCara-crtN was constructed by inserting the
S. aureus crtN gene from pAC-crtN [9] into the XhoI/ApaI site of
pUCara. pUCara-crtI was constructed by inserting the P. ananatis
crtI gene from pAC-crtE-crtI [9] into the XhoI/ApaI site of pUCara.
2.3. Pigment formation analysis
Plasmidswere transformed intoXL1-Blue, and the transformants
were plated onto LB-Lennox agar plates containing 50 mg/mL
carbenicillin (carb) and 30 mg/mL chloramphenicol (cm) to form
colonies. These colonies were picked and inoculated into 500 lL
LB-Lennox (carb/cm) medium in a 96-deep-well plate and cultured
at 37 C, 1000 rpm, for 16 h. An aliquot (40 lL) of these pre-cultures
was transferred to 2 mL Terriﬁc Broth (TB) (carb/cm) in a 48-
deep-well plate and cultured at 30 C, 1000 rpm, for 48 h. Cellswere
harvested,washedwith saline, and centrifuged toobtain cell pellets;
the supernatantswerediscarded. After brief vortexing, 1 mLacetone
wasadded to eachof the cell pellets, and theywere immediatelyvor-
texed for 1 min to extract carotenoids, followed by centrifugation.
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lyzed for acetone extracts using a SpectraMax Plus384 Absorbance
Microplate Reader (Molecular Devices, Sunnyvale, CA). The pigmen-
tation level of each culture was determined from the lambda max
(470 nm) of the resulting extract.
2.4. Carotenoid/squalene composition analysis by HPLC
Plasmids were transformed into XL1-Blue, and the transfor-
mants were plated onto LB-Lennox (carb/cm) agar plates to form
colonies. These colonies were picked and inoculated into 2 mL
LB-Lennox (carb/cm) medium in test tubes and cultured at 37 C,
200 rpm, for 16 h. An aliquot (1 mL) of these pre-cultures was
transferred to 40 mL TB (carb/cm) in a 200-mL shake ﬂask and cul-
tured at 30 C and 200 rpm. After 8 h, cells were induced with 0.2%
arabinose (OD = 0.2–0.6). After an additional 40 h of culture, cells
were harvested at 3300g for 15 min at 4 C, washed with 10 mL sal-
ine, and then repelleted by centrifugation. After brief vortexing,
carotenoids were extracted by the addition of 10 mL of acetone,
followed by vortexing for 5 min. One milliliter hexane and 35 mL
1% NaClaq were added to the acetone extract, which was brieﬂy
vortexed and centrifuged to collect the hexane phase. The hexane
was then evaporated under a stream of N2. The extracts were then
dissolved in 100 lL hexane or (4:6) methanol/THF. A 25-lL aliquot
of the ﬁnal extract was analyzed by a Shimadzu Prominence HPLC
system (Shimadzu, Kyoto) equipped with a photodiode array
detector and a Spherisorb ODS 2 column (250  4.6 mm, 5 lm par-
ticles; Waters, Milford, MA). The mobile phase was acetonitrile/tet-
rahydrofuran/methanol (58:7:35 v/v, 2 mL min1).
Squalenes were quantiﬁed by their peak areas using a
calibration curve generated by measured amounts of squalene
(Nakalai Tesque, Kyoto). Individual carotenoids were quantiﬁed
by their peak areas using a calibration curve generated with known
amounts of b-carotene (quantiﬁed by absorbance) and then
multiplying by the molar extinction coefﬁcient (e) of b-carotene
(138,900 M1 cm1 at 450 nm [10]) and dividing by the e
value for the carotenoid in question (147,000 M1 cm1 at
440 nm for diaponeurosporene, 185,000 M1 cm1 at 470 nm for
diapolycopene). Production weights of carotenoids were then
normalized to the dry cell weight (DCW) of each culture. The
DCW was calculated using an OD600-DCW calibration curve.Retention time (min)
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Fig. 2. E. coli production of squalene and dehydrosqualene by hSQS. pAC-hsqs was
transformed in E. coli with pUCara, and the carotenoid and squalene production of
the culture was analyzed using HPLC. The inset shows the absorbance spectrum at
retention time 6.3 min.3. Results
3.1. Squalene production by hSQS in E. coli
Squalene synthases have been studied extensively in vitro [2,4],
but there is very little research for squalene biosynthesis in E. coli
[11,12]. First, we conﬁrmed the expression of human SQS (hSQS)
and the production of squalene in E. coli. hSQS has a membrane-
binding domain in the N- and C-termini of the gene, and truncation
of these domains has been reported to improve the solubility of the
enzyme [7]. We cloned the hsqs gene into a pAC-based vector, using
31-370 aa [7] of the whole 417-aa sequence, to obtain pAC-hsqs.
pAC-hsqs and pUCara (an empty vector) were transformed into
E. coli and the product was analyzed. We conﬁrmed the 310 lg/
gdcw (2.7 mg/L) production of squalene (Fig. 2). This result was
comparable to the reported value (4.1 mg/L squalene) for E. coli
overexpressing SQS from Streptomyces peucetius [11]. In the chro-
matogram, we also detected a small peak (6.3 min) with a charac-
teristic absorption spectrum that peaked at 287 nm, which
corresponds to dehydrosqualene: its accumulation level was 4 lg/
gdcw (0.04 mg/L ca. 1% of squalene) (Fig. 2). Squalene synthases
produce dehydrosqualene as a byproduct in the absence of NADPH
(and/or the addition of Mn2+) in in vitro experiments [1–4].However, detection of dehydrosqualene by hSQS-expressing cells
has not been documented to date. The production ratio of squa-
lene/dehydrosqualene was approximately 0.05–1% depending on
the strains, expression construct and culture condition (data not
shown).
3.2. CrtN, but not CrtI, produces a yellow pigment when co-expressed
with hSQS
To examine whether squalene can be a substrate of carotenoid
desaturases, we co-transformed hSQS with two carotenoid
desaturases from different sources. S. aureus dehydrosqualene
desaturase, CrtN, is the enzyme that conducts 3-step desaturation
(dehydrogenation) of dehydrosqualene to produce diaponeurospo-
rene, a yellow pigment [13].
First, co-expression of CrtN and S. aureus dehydrosqualene syn-
thase (CrtM) resulted in pigmentation of the cell (Fig. 3a). The
absorption spectrum of the acetone extract (Fig. 3c) had two char-
acteristic peaks at 470 and 505 nm, indicating the existence of
diaponeurosporene (kmax at 420, 440, 470 nm) and diapolycopene
(kmax at 445, 470, 505 nm). This ﬁnding is consistent with previous
reports: CrtN is annotated as a 3-step desaturase [13–15], but it
could behave as either a 3- or a 4-step enzyme in E. coli, depending
on the expression construct and/or culture conditions [8,16].
Next, when CrtN was co-expressed with hSQS, cells exhibited
color that was indistinguishable from that of cells expressing the
natural carotenoid-producing pair CrtM/CrtN (Fig. 3a). The produc-
tion level of yellow pigment (diaponeurosporene) by CrtN with
hSQS was ca. 40–50% of that produced by CrtM/CrtN (Fig. 3b).
The P. ananatis phytoene desaturase (CrtI) is a 4-step desaturase
that converts phytoene (C40 carotenoid backbone) to lycopene. CrtI
is known to act on its C30 counterpart substrate, dehydrosqualene
[8,15]. When CrtI was co-expressed with CrtM, we observed yellow
pigment accumulation in the colony or in the cell pellet (Fig. 3a).
The absorbance spectrum (Fig. 3c) showed the dominant accumu-
lation of diapolycopene. Pigment production is approximately 50–
60% of that produced by CrtM/CrtN (Fig. 3b). Interestingly, when
CrtI was co-expressed with hSQS, no detectable pigment was accu-
mulated (Fig. 3a and b), in sharp contrast to the observation for
CrtN.
3.3. HPLC analysis of the extracts from E. coli harboring squalene/
carotenoid synthases and desaturases
To investigate the composition of the pigments and their
precursors in more detail, we conducted HPLC analysis of E. coli
a b c
Fig. 3. Pigment production of E. coli harboring squalene synthase and carotenoid desaturases. (a) The color of the cell pellet and colonies expressing the indicated genes. (b)
The production level of carotenoids with various combinations of synthase (pAC-hsqs or pAC-crtM) and desaturase (pUCara-crtN or pUCara-crtI). The photo under the bar
shows the color of acetone extracts in a glass 96-well plate. Bar heights represent the average of four replicates, and error bars represent the standard deviation. (c) The
absorption spectrum of acetone extract from selected E. coli transformants.
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Fig. 4. HPLC chromatogram of the extract from E. coli harboring the indicated
plasmids. Indicated plasmids were introduced into E. coli, and the carotenoids and
squalene production of the culture was analyzed using HPLC. 1, squalene; 2,
dehydrosqualene; 3, diaponeurosporene; 4, diapolycopene.
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Expression of CrtM resulted in the accumulation of dehydrosqua-
lene (345 lg/gdcw, Fig. 4a and Table 1). When CrtN was addition-
ally expressed with CrtM, diaponeurosporene accumulated
exclusively (Fig. 4b). Almost all of the dehydrosqualene was con-
sumed, indicating that it is a good substrate for CrtN. When CrtI
was co-expressed with CrtM, diapolycopene was accumulated as
the major pigment, and the level of dehydrosqualene drastically
decreased accordingly (Fig. 4c).
When hSQS was expressed, E. coli culture accumulated squalene
(313 lg/gdcw), together with a very small amount (4.5 lg/gdcw)
of dehydrosqualene (Fig. 4d and Table 1). Additional expression
of CrtN resulted in the accumulation of carotenoid pigments (dia-
polycopene and diaponeurosporene) (Fig. 4e). Although the squa-
lene was not fully consumed, the production level of pigment
(76 lg/gdcw) was >15-fold higher than the feeding capacity of
hSQS for dehydrosqualene; cells expressing hSQS accumulate
4.5 lg/gdcw dehydrosqualene. This strongly indicates that another
source, perhaps squalene, must be fed into carotenoid synthesis.
Although squalene seems to be the major precursor for caroten-
oid pigments, it appears not to be as good as dehydrosqualene as a
substrate for CrtN, because the large amount of squalene remains
unconsumed (Fig. 4e). This is also indicated by the apparent num-
ber of desaturation steps for CrtN; cells harboring hSQS/CrtN accu-
mulated the subequal mixture of diapolycopene (4-step product)
and diaponeurosporene (3-step) (Fig. 4e), while cells harboring
CrtM/CrtN accumulated diaponeurosporene (3-step) almost exclu-
sively (Fig. 4b). S. aureus CrtN is classiﬁed as a 3-step desaturase.
However, the depletion of its good substrate dehydrosqualene
(and its reaction intermediates diapophytoﬂuene (1-step) and dia-
po-f-carotene (2-step)) might resulted in promiscuous activity
converting diaponeurosporene (3-step, poor substrate for CrtN)
into diapolycopene (4-step). This apparent shift in step-number
of carotenoid desaturation was ﬁrst reported for a 3- and 4-step
phytoene desaturase from Rubrivivax gelatinosus [17–20]. In the
cells harboring hSQS and CrtN, once squalene (a poor substrate)
is converted to dehydrosqualene, the following 3-step desaturation
occurs quickly. As a result, CrtN depletes its natural (good) sub-
strates, dehydrosqualene, thereby desaturating squalene all the
way to diaponeurosporene. Considering that the ratio of diapolyco-
pene/diaponeurosporene is only high in Fig. 4e (see also Table 1)
and that it is substantially higher than when CrtM/CrtN is overex-
pressed [8,16], we believe that squalene is not an extremely poor
substrate for CrtN, and might be similar afﬁnity with diaponeuro-
sporene. To obtain further details, kinetic analysis of puriﬁed CrtN
would be necessary.
When CrtN is replaced with another desaturase, CrtI, no pig-
ment was accumulated in E. coli (Fig. 4f). This is consistent withthe result shown in Fig. 3. We do not know whether the desatura-
tion of squalene into dehydrosqualene is very rare and unique
activity for S. aureus CrtN or is also found in other carotene
desaturases.
3.4. Time course product analysis of hSQS–CrtN expressing E. coli
To see the correlation between squalene and its possible desat-
urated products, we performed a time-course composition analysis
of squalene/carotenoid accumulation in E. coli. In this experiment,
hSQS was constitutively expressed by the lac promoter, while CrtN
was regulated by the arabinose (PBAD) promoter. Twenty-four
hours after the culture started, expression of CrtN was induced
Table 1
Amount of carotenoid produced by the E.coli transformants shown in Fig. 4. Carotenoid production was calculated using the peak area of the HPLC chromatograms. n.d, not
detected. The number indicated in parenthesis corresponds to those in Fig. 4.
Plasmids Production (lg/gdcw)
Squalene (1) Dehydrosqualene (2) Diaponeurosporene (3) Diapolycopene (4) Total
a pAC-crtM pUCara n.d. 345 n.d. n.d. 345
b pAC-crtM pUCara-crtN n.d. 21.7 112 13.9 148
c pAC-crtM pUCara-crtI n.d. 68.6 n.d. 88.7 157
d pAC-hsqs pUCara 313 4.53 n.d. n.d. 317
e pAC-hsqs pUCara-crtN 247 n.d. 48.8 27.1 323
f pAC-hsqs pUCara-crtI 203 n.d. n.d. n.d. 203
440 M. Furubayashi et al. / FEBS Letters 588 (2014) 436–442by adding arabinose to a ﬁnal concentration of 0.2% (w/v). At each
time point (12, 24, 36 and 48 h after induction), a portion (20 mL)
of the culture was taken and subjected to HPLC analysis. Before
induction, the production level of squalene increased over time
(Fig. 5). Several hours after induction of CrtN, the level of squalene
plateaued and then began to decrease at approximately 50–60 h
(Fig. 5a). Accordingly, the level of diaponeurosporene and dia-
polycopene increased. Again, this is in agreement with CrtN acting
directly on squalene and converting it into C30 carotenoid pig-
ments. In contrast, the induction of CrtI expression resulted in a
slight decrease in the pace of squalene accumulation (Fig. 5b),
but no detectable amount of carotenoid pigment was accumulated.
These results further reinforce the validity of the ‘‘squalene route’’.
If a signiﬁcant amount of dehydrosqualene were produced by
hSQS, it should have been fed to CrtI, causing the accumulation
of C30 carotenoid pigments. The fact that the sum of carotenoids
and squalene for Fig. 5a and b were nearly identical further support
this hypothesis.
4. Discussion
Until the 1980s, it was unclear how the biosynthetic pathway
of carotenoids begins. The ﬁrst hypothesized pathway began
with the desaturation of lycopersene (C40 backbone squalene,
Supplementary Fig. 1). This hypothesis arose mainly from the
following observations (reviewed in [5]): (i) the presence of lyco-
persene in carotenoid-producing organisms [21], (ii) the formation
of lycopersene from GGPP by a cell-free extract [22] or puriﬁed
squalene synthase [23], and (iii) the conversion of labeled lycoper-
sene into phytoene by a soluble extract from tomato fruit plastids
[22]. Another hypothesis was the direct formation of phytoene by2.0
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[5]): (i) lycopersene accumulation has not been observed in most
carotenoid-producing organisms; (ii) the addition of a desaturase
inhibitor results in the accumulation of phytoene, not lycopersene;
and (iii) phytoene is accumulated under anaerobic conditions in
the absence of an electron acceptor, although the conversion of
lycopersene into phytoene is an oxidation. Later, this hypothesis
was unambiguously conﬁrmed by the discovery of phytoene
synthase genes from various carotenoid-producing organisms
[6,24–27]. Since this ﬁnding, the lycopersene pathway has not
been seriously considered.
Similar arguments existed for the C30 carotenoid pathway [5].
Unlike lycopersene, squalene is ubiquitously found in many spe-
cies, and it was more difﬁcult to deny the existence of the route
from squalene to C30 carotenoids (see Fig. 1). In 1994, however,
the genes encoding the dehydrosqualene synthase CrtM and the
dehydrosqualene desaturase CrtN were discovered in S. aureus
[13]. Functional analysis of these genes [13,28] revealed that
CrtM directly converts FPP to dehydrosqualene and that
dehydrosqualene is the natural precursor for CrtN. The activity of
CrtN on squalene has not been investigated thoroughly.
Here, we reported that co-expression of hSQS and CrtN pro-
duces the yellow C30 carotenoid pigments diaponeurosporene
and diapolycopene. As discussed in the introduction, two possible
routes are conceivable. One route is the direct formation of dehy-
drosqualene by hSQS. However, the production level of dehydro-
squalene by hSQS-expressing cells was far lower than that of the
carotenoid pigments produced by the cells expressing hSQS and
CrtN (Fig. 4). Additionally, CrtN expression was induced after the
accumulation of squalene, and pigment accumulation accompa-2.0
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M. Furubayashi et al. / FEBS Letters 588 (2014) 436–442 441nied the decrease in squalene (Fig. 5). Taken together, it appears
more likely that CrtN directly converts squalene to carotenoid pig-
ments. Indeed, CrtN is able to desaturate not only carotenoids with
non-cognate sizes (C35 [29] and C40 [8,15] backbones) but also the
side-chains of quinones [30]. Interestingly, the co-expression of
hSQS with another carotenoid desaturase, CrtI, from P. ananatis re-
sulted in no accumulation of pigment. This occurs despite the fact
that CrtI has the ability to desaturate dehydrosqualene (Refs. [8,15]
and Fig. 4). It is therefore apparent that the cellular availability of
dehydrosqualene to desaturases is very limited.
As we suggested here the ‘‘squalene route’’ for carotenoid bio-
synthesis, ‘‘lycopersene route’’ might be also conceivable. Previous
report detected the formation of lycopersene from GGPP by puri-
ﬁed yeast SQS [23]. Given that CrtN can desaturate phytoene [8],
the lycopersene pathway could be constructed in theory by the
co-expression of GGPP synthase, yeast SQS and CrtN.
Why do we not see the biosynthetic pathways from squalene
to carotenoids (or lycopersene to carotenoids) in nature? There
is a redundancy of the squalene/lycopersene-to-carotenoid route;
in this pathway, NADPH is consumed in the ﬁrst condensation
process, and then the resulting saturated 15–150 bond is oxi-
dized/desaturated back to make an unsaturated bond (Fig. 1).
Alternative natural routes directly synthesize carotenoid back-
bones without the need for hydrogenation and oxidation/desatu-
ration. Since carotenoid synthases and squalene synthases are
generally considered to share the same evolutionary origin
because of the high-conserved structure and sequence homology
(30% identity, 36% similarity for CrtM and SQS [31]), it is
tempting to hypothesize that carotenogenic organisms have
evolved this economical pathway to shunt the hydrogenation–
dehydrogenation steps by making specialized carotenoid
synthase (phytoene/dehydrosqualene synthase) from SQS. From
a biochemical perspective, carotenoid synthase could be easily
generated from SQS by introducing mutations that interrupt
the migration of electrons and hydrogen from NADPH to the
reaction intermediate PSPP in SQS (see above).
On the other hand, it should also be noted that the possession
of two specialized enzymes (CrtM and SQS) is costly for the host
organism, when both steroid/hopanoid and carotenoid pathways
are indispensable metabolites for the host. Methylomonas sp.
strain 16a is reported to possess both carotenoid and hopanoid
pathways [32]. In this organism, genes for SQS and squalene–
hopene cyclase are found together with carotenoid desaturase/
modiﬁer genes (crtN and downstream enzymes). Nevertheless,
Tao et al. could not ﬁnd a gene encoding crtM [32]. In their pa-
per, they suggested that SQS might catalyze the dehydrosqua-
lene-synthase activity. Our results indicate an alternative
possibility: Methylomonas SQS produces squalene exclusively,
but it is fed to Methylomonas CrtN to produce carotenoids. This
ﬁnding could be conﬁrmed by co-expressing Methylomonas SQS
and CrtN to see if carotenoid production occurs.
Finally, the fact that the co-expression of hSQS and CrtN will re-
sult in the pigmentation of the cell (Fig. 2) provides a valuable plat-
form for conducting high-throughput screening of functional SQS,
an enzyme that has been one of the promising targets for choles-
terol-lowering drugs [33]. Both substrate and product of SQS
(FPP and squalene, respectively) are invisible, and therefore its
activity could have been screened by TLC, HPLC or other chromato-
graphic methods. Now, using our proposed method, cellular activ-
ity of squalene synthase can be quantiﬁed by the measurement of
pigmentation level in the cell co-expressing CrtN. By screening for
the chemicals that decrease pigmentation level of the cell express-
ing CrtN and hSQS, one should be able to systematically search for
the effective inhibitors of hSQS. In addition, the same system can
be used for the search for SQSs with higher/improved activity from
metagenomic or laboratory-created mutant libraries.Author contributions
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